For safety and maintenance problems, the grid-connected inverters have been required to detect whether the utility voltage source is connected or disconnected to the grid. If the inverter continues to energize local loads while the utility voltage source is disconnected, it is called islanding operation. This paper proposes a new islanding detection method using phase shifted feed-forward voltage. In the gridconnected inverter system, the PCC voltage is simultaneously measured, and those values are used as the feed-forward values in the current controller. In this paper, the phase of feed-forward voltage is modified to detect the islanding condition. As the measured PCC frequency changes, the proposed method modifies the phase of feed-forward voltage. Because the phase angle of feed-forward voltage is determined according to the variation of measured frequency of PCC voltage, the proposed method makes positive feedback to the frequency. If the frequency variation exceeds the allowable range, it is judged to be islanding operation. Since the frequency response of the proposed method is fast, the islanding operation could be detected in 90 ms despite high quality-factor (Q f ), 10. Moreover, when the grid is normal condition but grid frequency changes in allowable range, the proposed method does not produce continuous reactive power which reduces the quality of inverter output power. Lastly, proposed method has very small NDZ because there is no limitation on reactive power injection. The performance of the proposed islanding detection method was verified by a computer simulation and experiment with 600 W single/three phase grid-connected inverters.
I. INTRODUCTION
The number of distributed generations (DG) interconnected to the grid system such as wind turbine, fuel-cell and photovoltaic has increased and there will be more in the future. These DGs are connected to the grid system through the grid-connected inverter. For stable operation with these grid-connected DGs, the main grid operators require DGs to satisfy the international standards such as IEEE 1547, IEC 61727, UL 1741, and etc., [1] . As the grid-connected inverter energizes electric power to the grid through the point of common coupling (PCC) which is the interface between power sources and local loads, the utility voltage source which is a The associate editor coordinating the review of this manuscript and approving it for publication was Cheng Qian . powerful voltage source at AC grid also supplies power into the grid. If the circuit breaker at AC grid side is opened due to the fault, the inverter is separated from the utility voltage source. Since most DGs using grid-connected inverter do not communicate with the grid operator, DGs do not know whether the utility voltage source is separated. Because of that, it might continue to energize the power to PCC even though the utility voltage source is disconnected. Therefore, the energized power is only delivered to the local loads. This is called islanding operation of inverter. The islanding operation has some problems. The followings are the reasons for stopping the operation: 1) At the moment of separation of utility voltage source from the grid, the magnitude and frequency of the grid voltage will fluctuate from the nominal value. Therefore, the grid-connected inverter will measure the changed voltage and then it will synthesize the same voltage as the measured voltage with changed magnitude and frequency that could cause damage to the main local loads. 2) When maintaining the grid, the power supplied by the grid-connected inverter may cause damage to the maintainer. 3) To facilitate the reconnection of the utility voltage source after maintenance. To prevent such problems, islanding detection is required for DGs. And DGs in the islanding condition should stop energizing the power to the grid instantaneously.
Under islanding condition, the magnitude and frequency of PCC voltage changes from the nominal value of grid voltage. In IEEE 1547, the requirements for the allowable range of grid parameters are specified. For example, the allowable magnitude of voltage is from 88% to 110% of the base voltage. And the frequency regulation is between 59.3 Hz and 60.5Hz where the nominal grid frequency is 60Hz [2] . Fig. 1 shows the test circuit for islanding detection test specified in IEEE 1547. Inverter supplies active and reactive power (P inv and Q inv ) that the RLC Load needs (P load and Q load ). And the utility voltage source at grid side supplies the mismatched power ( P and Q). When the utility breaker is opened, the power supplied from the utility voltage source is shut down. At this moment, the power generated by inverter does not same with the power that the load requires. Due to the mismatched power, the magnitude and frequency of PCC voltage can be changed according to the load characteristics. The larger the mismatched power, the greater the variation of PCC voltage or frequency. Because the grid connected inverters measure the parameters at the PCC, these changes are used for islanding detection.
Typically, islanding detection methods are classified into passive methods and active methods [3] - [16] . Passive methods monitor the change of grid parameters such as magnitude of grid voltage, grid frequency and harmonics. If the parameters go beyond the normal range specified in the standards, passive methods judge that the system is under islanding condition. Passive methods can be easily implemented and intuitive. However, it has disadvantage in that it cannot detect islanding in specific grid conditions, especially small power mismatch ( P and Q) which happens at high quality factor (Q f ) loads. In this case, the variation of grid voltage or frequency is not enough to activate the Under and Over Voltage Protection (UVP/OVP) or the Under and Over Frequency Protection (UFP/OFP) of inverter. This condition is called Non-Detection Zone (NDZ). Even though many passive methods have been studied to minimize the NDZ, wide NDZ has been critical problem for passive methods.
Generally, active methods inject disturbance which is intentionally generated by the algorithm into the grid and check the variation of grid parameters such as frequency, magnitude, harmonics of grid voltage and current to detect grid condition. But artificial disturbance injected into the grid results in poor power quality and instability of the inverter. There are many studies about active methods that focused on the change of PCC frequency, PCC voltage, PCC impedance estimation using harmonic injection and modified PLL. Active Frequency Drift (AFD) method generates zero sequence of the output current wave-form whenever it reaches to zero. It is easily implemented with digital processor but distortion of the current waveform caused by zero sequence is too important to be neglected. The Slip-Mode frequency Shift (SMS) method, which is popular among active methods, adjusts the phase of output current according to the change of measured PCC frequency. If frequency changes, the phase of output current reference is made to lead or lag thereby causing a positive feedback to frequency variation. SMS method has simple algorithm and easily applicable to the current controller. But the NDZ of SMS method is determined by local load parameters. Furthermore, when the frequency perturbs within allowable normal range, unnecessary reactive power is generated because of algorithm principles. As a result, it might degrade the power quality of inverter even though in normal grid condition In this paper, a new islanding detection method is proposed using the feed-forward voltage. In the case of a grid-connected inverter, the current controller is employed to control the grid current. Generally, current control loop consists of the current feed-back controller and the grid voltage feed-forward controller. The feed-forward voltage is added to the output of Proportional-Integral (PI) controller to produce a PWM voltage reference. In the case of normal current controller, feed-forward voltage is the grid voltage measured by voltage sensor. Instead, the proposed method uses the phase shifted feed-forward voltage. The phase of feed-forward voltage is a function of the PCC frequency obtained by the Phase-Locked Loop (PLL) [17] . When the PCC frequency drifts, additional phase angle which is proportional to the frequency drift is made and then shifts the phase of feed-forward voltage. This results that the phase of inverter output voltage is adjusted to lead or lag the PCC voltage and positive feedback occurs to the phase angle of output voltage. Through the process, the drifted PCC frequency deviates from the allowable frequency range, and islanding detection could be achieved. There are many advantages in the proposed method. First, it has fast islanding detection performance because it makes reactive power through feedforward voltage rather than injecting reactive power through the current reference. Second, since the amount of reactive power is not limited, it has very small NDZ theoretically.
Lastly, it does not deteriorate the power quality even though the grid frequency varies in normal grid condition. This paper is organized as follows. Section II explains how to detect the islanding condition using frequency drift. Especially, the SMS method is analyzed in the view point of its strength and weakness. Section III introduces the principle of proposed method. And theoretical approach to explain the proposed method is presented in Appendix. In Section IV and V, the simulation and experimental results are demonstrated, respectively. Through IEEE 1547 test guideline with various quality factor condition, the effectiveness of the proposed method is verified. Section VI summarized the hole contents in this paper.
II. ISLANDING DETECTION PROCEDURES A. CHARACTERISTICS OF RLC LOAD IN ISLANDING DETECTION TEST
When the utility voltage source is connected to the grid, the PCC voltage is tight because of the powerful voltage source. Therefore, the magnitude and frequency of PCC voltage do not change from the grid nominal value. However, if the utility voltage source is separated, the frequency of PCC voltage can be changed due to the loss of powerful voltage source. As a result, the frequency of a grid connected inverter depends on the load characteristics which is interconnected at PCC. Since the utility voltage source supplies most of the power to the grid, from the point of view of a grid connected inverter, the separation of the utility voltage source and the disconnection of the grid can be considered as same meaning. Therefore, for ease of explanation, the separation of the utility voltage source will be regarded as grid disconnection.
IEEE 1547 suggests the load as a parallel RLC bank for the islanding detection test. The parallel RLC load has quality factor(Q f ) with respect to passive elements. The quality factor is defined as (1) .
where ω o represents the angular resonant frequency of inductance and capacitance of RLC bank. It is set to the nominal grid frequency. The phase angle of parallel RLC load (θ load ) is determined as (2) . From (2), phase angle of parallel RLC load is determined by the grid frequency.
show the phase angle of parallel RLC loads with respect to frequency in Q f = 1 and Q f = 5, respectively. When the RLC load is connected at PCC as Fig. 1 in normal grid condition, the frequency is fixed to nominal value so that the phase angle of load is fixed to zero. However, if the frequency drifts, the phase angle of load changes according to the frequency variation as shown in Fig. 2 (a)-(b). In the case of grid disconnection, power angle of the inverter (θ inv ) become to be same as the phase angle of the load (θ load ). To supply mismatched reactive power ( Q), the inverter generates more reactive power. Therefore, power angle of inverter is changed and then load angle (θ load ) is also changed according to θ inv . Finally, the frequency changes according to the characteristic of RLC bank as shown in Fig. 2 . As a result, if the inverter makes power angle artificially to detect the islanding operation, frequency could be changed more easily. Existing active methods using frequency drift have been developed based on this principle. As shown in Fig. 2(a) , to make f < 59.
3 Hz or f > 60 Hz at
RLC load with Q f = 5 requires much larger phase angle compared to the case of Q f = 1. It means that the large Q f is, the more reactive power should be supplied to detect the islanding operation. Therefore, the larger Q f value is, the larger power angle (θ inv ) is needed for the same amount of frequency drift. Most active methods based on frequency variation have limitation on the change of power angle. Therefore, it determines the NDZ of active methods.
B. ACTIVE METHODS USING FREQUENCY: SLIP MODE FREQUENCY SHIFT (SMS) METHOD
Slip-Mode frequency Shift (SMS) method is one of the most popular active methods for islanding detection. SMS method uses positive feedback to drift the frequency out of normal range. To make positive feedback on the frequency, the phase angle of inverter output current reference is modified as a function of frequency which is estimated by PLL. The equation of inverter output current reference used in the SMS methods is defined as (3) and the additional phase angle of output current is shown in (4) . and then reactive power is delivered to the load. Therefore, the frequency of the RLC load changes according to the relationship between the phase angle and the frequency of load. According to the θ M , which is main design parameter of SMS method, the frequency variation is determined. Since the power angle of inverter (θ inv ) made by SMS function is same with the phase angle of the load (θ load ), the frequency can increase or decrease to the point that θ inv is equal to the θ load . This point is the stable point that the mismatched reactive power comes to matched. The frequency and phase angle at this point can be calculated as (5) .
In Fig. 3(a) , θ M was set to 5 • and f m is 63Hz, and Q f of parallel RLC load was 1. In this case, the frequency could increase to 62.6 Hz or decrease to 57.4Hz so that islanding operation could be detected. On the contrary, when the Q f of parallel RLC load is 5, there is no stable point in Fig. 3(b) . Therefore, islanding detection is impossible in this case. Fig. 4 (a)-(b) show the simulation results of islanding detection test with SMS method conducted by PLECS simulation tool. θ M was set to 5 • and f m was 63Hz. In Fig. 4(a) , the grid was disconnected at 4s and the estimated PCC frequency gradually increased to 60.5Hz during 25ms. Because the inverter has stopped after islanding detection, the frequency is locked to 60.5Hz which is the last measured frequency at PCC before islanding detection. However, when Q f is 5, however, islanding detection was failed. Since the maximum value of θ SMS is limited by θ M , the phase angle of output current is not enough to change the frequency up to 60.5Hz. To detect islanding operation in the case of high Q f , a large θ M should be selected. However, large θ M makes the SMS algorithm sensitive to frequency perturbation and reduces the control stability of grid. This trade-off makes the NDZ of the SMS method. Fig. 5 shows the reactive power generation of SMS method in grid frequency perturbation condition. The frequency was drifted to 60.4Hz and 59.6Hz which is regarded as normal grid condition. At 4s, grid frequency increased to 60.4Hz and maintained up to 6s. After then, it returned to 60Hz. Because the frequency had changed, the SMS method modified the phase of current reference. As shown in Fig. 5 , active current that is written as d-axis current did not change. However, reactive current that is written as q-axis current was generated according to the frequency change. As a result, the SMS method generated the unwanted reactive power even though the normal grid condition. This is because θ SMS was developed according to the grid frequency variation. The unwanted reactive power is about 8% of inverter rated power. It can be concluded that SMS method has inevitable power quality degradation as the grid frequency fluctuation.
III. PROPOSED ISLANDING DETECTION METHOD USING PHASE SHIFTED FEED-FORWARD VOLTAGE A. CURRENT CONTROLLER OF GRID-CONNECTED INVERTER
Grid-connected inverter controls grid current through the current controller with simple PI controller. Typical single-phase current controller is shown in Fig. 6 . This control strategy has two drawbacks: steady-state error with sinusoidal reference and poor performance with disturbance. To overcome these drawbacks, synchronous reference frame (d/q-axis) could be applied to current controller [18] - [20] . Current controller in synchronous reference frame consists of feed-back controller and feed-forward controller.
The feed-back controller is implemented as a PI controller and anti-windup is applied to prevent wind-up phenomenon of integral controller due to the limitation of inverter output voltage. The feed-forward controller is used to model the grid circuit as a series connection of inductor and resistor without utility voltage source. It adds the measured PCC voltage to the output of PI controller and then the summation is used for PWM reference voltage of inverter. The advantages of feed-forward are as follows: 1) By feed-forwarding the PCC voltage, the output voltage reference of the current controller can converge more quickly. 2) At the start-up of inverter, the initial transient can be significantly reduced by adding feed-forward voltage term [21] , [22] . Then, the feed-forward controller could compensate the grid voltage.
B. PRINCIPLE OF PROPOSED ISLANDING DETECTION
The instantaneous grid voltage is essential for current controller to determine the current reference. The grid voltage is measured at PCC where the inverter is interconnected. And then, the current controller uses the measured PCC voltage. The proposed method modifies the phase of feed-forward voltage according to the frequency variation of PCC voltage. The variable phase angle of feed-forward voltage (θ V ) is defined as (6) .
θ M is peak value of θ V . f n is nominal frequency of grid. f m is the maximum frequency when the phase angle is peak value θ M . The phase angle estimated by Phase-Locked Loop (θ PLL ) is always same as the phase of PCC voltage (θ PCC ). In normal grid condition (the utility voltage is connected), θ PLL is always same as the phase of PCC voltage estimated by Phase-Locked Loop of inverter (θ PCC ). Because the PCC voltage is same as the grid voltage in normal grid condition, θ PCC is same as θ g (θ PLL = θ PCC = θ g ). After the utility voltage source is separated, the PCC voltage is no longer same as the grid voltage. Instead, the PCC voltage will be the inverter output voltage. Therefore, θ PCC will be the phase of inverter output voltage (θ PLL = θ PCC = θ g ). To ease the expression of phase angles, θ PLL was used instead of θ PCC in the later of the paper.
Contrary to the θ SMS , since θ V function has no limitation of the value according to the frequency change, there is no limitation on the change of power angle of inverter. In other words, reactive power generation for islanding detection is not restricted. After disconnection, θ V is generated according to (6) as frequency variation and added with θ PLL . Therefore, the phase angle for synthesizing feed-forward voltage is defined as (7) . Fig. 7 shows phase angle generating mechanism of feedforward voltage. f PLL is frequency of PCC voltage estimated by PLL. When f PLL increases, positive value of θ V is developed according to the (6) . Then, feed-forward voltage with leading phase is applied to current controller. As a result of phase shifting, the PWM reference voltage is changed and then the reactive power is generated according to the phase difference between output voltage and output current. In grid disconnected condition, the power angle of inverter (θ inv ) is same as the load angle (θ load ). According to θ inv generated by phase shifted feed-forward voltage, θ load will be change. Therefore, along the load curve as shown in Fig. 2 , the PCC frequency will be changed. At the next sampling period of discrete controller, PLL estimates the more leading phase of PCC voltage. Therefore, the measured PCC frequency increases than previous sampling period one. It will generate much larger value of θ V than previous one and then the feedforward voltage will much lead the previous feed-forward voltage. Through this process, proposed method makes positive feedback to the PCC frequency.
The phase shifting of feed-forward voltage is same as injecting disturbance into the current controller. If the PCC frequency changes, adding phase shifted feed-forward voltage to current controller is the same effect as injecting disturbance into current controller. This disturbance will produce momentary reactive power. If the disturbance is large (large fluctuation of the frequency of PCC voltage after grid disconnection), current controller cannot control the disturbance resulting in generation of large reactive power which is enough to drift the PCC frequency. Since the inverter measures the frequency which is increased, the phase of feedforward voltage will be more shifted. In this process, the positive feedback to the phase shifting of feed-forward voltage is generated and then the PCC frequency can be further increase out of normal range. However, if the disturbance is small (allowable fluctuation of the grid frequency in normal condition), it can be controlled by the current controller. And only a small and momentary reactive power which is not enough to drift the inverter frequency out of the normal range will be generated. Therefore, the proposed method can detect islanding operation exactly and does not generated unwanted reactive power.
C. ANALYSIS OF PHASE SHIFTED FEED-FORWARD VOLTAGE
To analyze the positive feedback by phase shifted feedforward voltage, equivalent circuit and PLL model should be developed. Fig. 8(a) is the circuit of single-phase gridconnected inverter for islanding test. V C is feed-forward voltage of inverter and L f is equivalent filter inductor. Filter could be L filter, LCL filter, and so on. E m is measured voltage for PLL and feed-forward controller. When the grid is connected, measured voltage at parallel RLC load (E m ) is same as grid voltage (V g ). Therefore, the input of PLL is grid Fig. 8(b) . The structure of model is same as general PLL. Because there is no frequency variation in this grid condition, the structure of model is same as general PLL. θ g is phase angle of V g . K P and K I values are set to Low-pass filter. Furthermore, when the grid frequency changes in normal grid condition, the effect of phase shifted feed-forward voltage is reactive current. This current does not affect to E m because it is absorbed by the utility voltage source at grid side. In other words, there is no current inflow to parallel RLC load.
When the grid is disconnected, measured voltage is not V g but E m . Therefore, the phase of E m influenced by phase shifted feed-forward voltage should be analyzed. In Fig. 9(a) , basic circuit equations can be derived as (8) and (9) .
i R , i L and i C are the currents flowing through the resistor, inductor and capacitor of parallel RLC load, respectively. Because of grid disconnection, frequency variation happens and then θ V will be generated. In this case, the input of PLL is θ + θ V as shown in Fig. 9(b) . Therefore, the feed-forward voltage made by inverter V C is as (10) .
As a result, the E m can be derived using (8) and (9) .
As a result, (11) shows the second order ordinary differential equation(ODE) for E m . For calculation, substituting E m as y, (11) can be rewritten as (12) . To get the solution of non-homogeneous ODE (y), y h (t) which is the general solution of homogeneous ODE and y p (t) which is the solution of non-homogeneous ODE should be obtained. Calculating process of the complete solution (y(t) = E m ) is described in Appendix. As a result, the measured voltage which is influenced by phase shifted feed-forward voltage can be obtained as (13) . M and K in (13) is derived in Appendix. Fig. 10 shows the relationship between θ V and α in the case of RLC load (R=80 , L=212 mH, C=33 uF). The phase of measured voltage, α is proportional to the shifted phase of feed-forward voltage, θ V . As PCC frequency increases after grid disconnection, positive value of θ V is generated. Then, α increases. Therefore, it can be known that the newly calculated E m leads the past value of E m . This procedure can make positive feedback to the phase of feed-forward voltage. As PCC frequency decreases, the same process produces a positive feedback, which lags the phase of E m . Therefore, θ V determines the phase of output voltage of inverter, and affects to reactive power generation. Fig. 11 shows E m and V C according to the different grid frequency condition by MATLAB. In Fig. 11(a) , feed-forward voltage (V C ) and output voltage (E m ) are same phase angle as the PCC frequency is 60Hz. When the PCC frequency is 59.3Hz, feed-forward voltage (V C ) leads the measured PCC voltage (E m ) as Fig. 11(b) . It can be known that negative value of θ V affect to the PCC voltage through phase shifted feed-forward voltage (V C ) as derived on (13) . Therefore, inverter output voltage leads the output current, which means frequency decrease. As frequency increases to 60.5Hz, V C leads the E m in Fig. 11(c) . In same principle as Fig.11(b) , the frequency can further increase.
D. RELATIONSHIP BETWEEN BANDWIDTH OF CURRENT CONTROLLER AND ISLANDING DETECTION
In accordance with the bandwidth of current controller, the response time of the system changes. Also, the higher the bandwidth, the higher the frequency at which the current controller responds to disturbance. In the perspective of the proposed islanding detection method, the q-axis bandwidth (ω cc_q ) of the current controller determines whether the momentary phase shifting of feed-forward voltage is controllable or not. This is important because it determines the islanding detection performance of the proposed method in high Q f load. In the case of high bandwidth of q-axis current controller, if the momentary phase shifting of feedforward voltage is slow, it is controlled by the operation of the current controller, which can slow the islanding detection time or fail the detection. On the other hand, in the case of low q-axis bandwidth, the current controller does not react to the momentary phase shifting of feed-forward voltage. Therefore, the bandwidth of q-axis current controller should be lower than the that of d-axis to detect islanding operation faster and even at large Q f load. The simulation results of the islanding detection time according to bandwidth of q-axis current controller and Q f are shown in Table 1 . The simulations were conducted by PLECS tool with grid-connected single phase inverter. The bandwidth of d-axis current controller was set to 500Hz. When the Q f is 1, the detection time at each bandwidth condition is very fast. However, when the Q f is 10, the bandwidth determines the success of islanding detection. As a result, to decrease the NDZ of the proposed method, the bandwidth of q-axis current controller should be lower than d-axis one. 
IV. SIMULATION VERIFICATIONS
To evaluate the performance of the proposed islanding detection method, simulations were tested in single-phase grid-connected inverter with parallel RLC load by PLECS simulation tool. The block diagram of current controller with proposed islanding detection method is shown in Fig. 12 . Simulation parameters are shown in Table 2 . To test the islanding detection performance, test procedure of IEEE 1547 was conducted. In the simulation, two cases were investigated. Case I is the load with Q f = 1, which is proposed in the standard. Case II is load with high Q f = 10, which is very severe condition to detect islanding operation. In Fig. 13 , circuit breaker of grid side was opened at 4s and the inverter stopped operating after islanding detection. As it can be seen, the frequency of PCC voltage increased up to 60.5Hz and islanding operation was detected in 15ms. Therefore, it can be known that the proposed method can detect within very short time compared to the time specified in the standard. Fig. 14 shows the performance of Case II where Q f is 10. Grid disconnection was also happened at 4s and islanding operation was detected within 43ms. It presents that proposed method is applicable to high Q f load.
To verify the islanding detection performance of parallel connected inverters at PCC, the simulation was also conducted. Three 600W grid-connected inverters were interconnected at PCC and each line impedance were specified in Fig.15 as per-unit. Therefore, the PCC voltages measured by each inverter are different. Fig. 16 shows the simulation result of the test and it demonstrates the performance of the proposed method. The utility voltage source was disconnected from PCC at 2s. After 17.7ms, all inverters detected islanding operation and stopped operating at the Fig. 16 . The PCC voltages that each inverter measures (V PCC,1 , V PCC,2 , V PCC,3 ) are different, but not very different. Therefore, the multiple-inverters can detect islanding operation with proposed method. Fig. 17 presents the grid frequency variation within allowable range, between 59.3Hz and 60.5Hz in the normal condition. As the grid frequency gradually increased to 60.5Hz, reactive current was injected by the phase shifted feed-forward voltage. However, the reactive current was soon controlled to be zero by the current controller even though the phase shifted feed-forward voltage was generated. Therefore, after the frequency was stabilized at 60.4Hz at 4.5s, the reactive current converged to zero. The same result was obtained when the grid frequency decreased. The simulation result means that the proposed method does not deteriorate the inverter output power quality even though grid frequency is varying in the allowable range at normal condition.
V. EXPERIMENTAL RESULTS
Experiment setup is consisted of 600W single-phase gridconnected inverter with LCL filter. Also, experiment with three-phase grid-connected inverter was also conducted to test the compatibility in three-phase system. A Texas Instruments TMS320C28346 digital signal processor was used to control inverter. To test under IEEE 1547 standard, parallel RLC load with Q f = 1 was selected. And Q f = 10 load was also tested to demonstrate islanding detection performance in high Q f load which is hard to detect islanding operation. Single-phase and three-phase experiment setup are shown in Fig. 18 (a)-(b), respectively.
As shown in Fig. 19(a) and (b), before 0.25s, which is normal grid condition, inverter supplied rated current (3.85A) through the proposed current control strategy to the singlephase RLC load with Q f = 1. And grid also supplied some active and reactive currents to the load by the power mismatch. The grid was disconnected at 0.25s and did not reconnected. Therefore, the grid current was disconnected, and inverter output current flowed to the parallel RLC load until islanding detection. In Fig. 19(c) and (d) , the proposed method detected islanding at 0.3s, which took 48ms to detect islanding. Therefore, the islanding detection time satisfies the standard specified in IEEE 1547 which requires to detect islanding within 160ms. After the inverter detected the islanding operation, it stopped operating to prevent supplying the power with abnormal voltage and frequency. Fig. 20 shows experimental results with single-phase RLC load with Q f = 10. In Fig. 20(c) and (d) , the proposed method could detect islanding within 92ms and stopped after islanding detection. Therefore, the experiment results show that proposed method has satisfying detection time and could detect high Q f load condition compared to existing active methods. In three-phase system, the performance of proposed islanding detection method was verified in Fig. 21 . At Q f = 1, islanding was detected in 40ms. Therefore, the proposed method is compatible in three-phase system.
To verify the performance of proposed method in the normal grid condition, the varying frequency of utility voltage source was tested in Fig. 22 . The grid frequency changed from 60Hz to 60.4Hz and 60Hz to 59.4Hz. In this condition, the proposed method did not generate reactive power as conventional active methods like SMS method. Therefore, the proposed method can have better power quality in normal grid condition.
VI. CONCLUSION
This paper proposes a new islanding detection method using phase shifted feed-forward voltage. The proposed method can detect islanding faster than previous active methods. Proposed method uses current controller term for islanding detection. Therefore, reactive power due to small grid frequency variation in the normal condition is controlled by current controller. This enables the power quality to be much better than that of existing active methods. The proposed method is easy to implement without complex algorithm and applicable to grid-connected inverters. The feasibility of the proposed method was verified in 600W single-phase and three-phase grid-connected inverter system with Q f = 1 and Q f = 10.
APPENDIX
To get the solution of non-homogeneous ODE(y), y h (t) which is the general solution of homogeneous ODE and y p (t) which is the solution of non-homogeneous ODE should be obtained. Calculating process of the homogeneous solution y h (t) can be written as (A.1).
CL f y +
Next, general solution of non-homogeneous ODE y p (t) is calculated. Typical form of y p (t) is defined in (A.2). 
Using Crammer's rule, K and M can be calculated as (A.5).
Therefore, the general solution of the ODE can be defined as (A.6). As a result, the measured voltage influenced by phase shifted feed-forward voltage after grid disconnection can be calculated.
